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Recently, the nonlinear optical properties of carbon nanotubes have attracted a great deal of interest. Most of the experimental studies have concentrated on the optical limiting properties of carbon nanotube suspensions or nanotubepolymer composites. [1] [2] [3] However, theoretical calculations by Xie et al. have shown that the third-order nonlinear polarizability ␥ of carbon nanotubes increases dramatically with the increasing carbon number in an armchair nanotube. 4, 5 Specifically, they have shown that the static ␥ and the dynamic ␥ of C 150 are about 14 times and 38 times larger than that of C 70 , respectively. Their theoretical calculations agree with the experimental results on C 60 and C 70 . [6] [7] [8] Margulis found that in off-resonant conditions, the nonlinear-optical spectra of the susceptibility ␥ of semiconducting carbon nanotubes shows a fourth-power dependence on the tubule radius and can reach typical values of bulk III-V semiconductor compounds with the strongest nonlinear optical properties. 9 These theoretical studies demonstrate that carbon nanotube materials could have a very strong third-order optical nonlinearity, and would have great potential in photonic applications, especially as an ultrafast optical switch.
Ultrafast all-optical switches are crucial components for future high-bit-rate time-division-multiplexing optical communication systems or free-space optical-digital computing systems. So far, many types of ultrafast all-optical switches have been studied and demonstrated using optical nonlinearities in optical fibers and semiconductor materials. [10] [11] [12] [13] [14] [15] Due to the limits imposed by the properties of materials used for all-optical switches, to our knowledge, it is very hard to achieve subpicosecond all-optical switches at the optical communication wavelength of 1.55 m.
12, 13 Here, we report that single-walled carbon nanotube/polymer composites, especially single wall carbon nanotubes ͑SWNT͒-polyimide composite, not only have an optical decay time of less than 1 ps, but also have a high third-order nonlinear polarizability, which make SWNT-polymer composite a potential material for high-quality subpicosecond all-optical switches.
SWNT prepared by the HiPco method were used in these experiments. 16 These SWNTs were first suspended in ␥-butyrolacetone solvent and ultrasonicated for approximately 5 min, in order to break and disentangle large nanotube bundles. In a separate beaker, polyimide resin ͑from Amoco͒ was dissolved in ␥-butyrolacetone using ultrasonication with the proportion of resin to solvent of about 1:10 by weight. The resin solution and SWNT suspension were then mixed together and sonicated to obtain a uniform distribution of nanotubes in the polymer solution. Then, this solution was poured into a petri dish. The solution was given a soft bake on a hot plate at 100°C for 5 min and then a hard bake at 150°C for approximately 30 min in order to remove most of the solvent. In order to obtain polyimide, the petri dish was kept under a UV lamp ͑wavelength ϳ0.405 m and intensity ϳ750 mJ/cm 2 ͒ for 2-5 min to cure the resin. Then, the composite was given a final hard bake in an oven at 250°C for 30 min to completely remove any retained solvent. The polyimide-SWNT composite films with thicknesses of about 20 m, having SWNT loading of less than 0.1 wt %, were then peeled off.
Standard time-resolved pump-probe photomodulation experiments were used to demonstrate the switching properties of the SWNT-polyimide composites. A femtosecond fiber laser ͑IMRA FemtoLite780͒ with two different wavelengths, 1.55 and 0.78 m was used as the optical source. The pulse duration was about 150 fs with a repetition rate of 50 MHz. The pump beam, either 1.55 or 0.78 m, was focused onto the sample with a diameter of about 50 m. The wavelength of the probe beam was fixed at 1.55 m for the study of optical switches. In order to improve the signal-tonoise ratio ͑SNR͒, the probe beam was split by a beamsplitter into two beams, which were balanced for two detectors.
In general, two main parameters are used to characterize the optical switching properties of a material. One is the a͒ Electronic mail: zhangxc@rpi.edu APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 6 5 AUGUST 2002 decay time; the other is the modulation depth, which depends primarily on the third-order nonlinear polarizability. By using a single-wavelength beam to pump and probe, the trace generally includes four signals, incoherent and coherent contributions, ͓delay independent ͑DI͒ component͔ and ͓oscilla-tory ͑OSC͒ term͔, respectively. 17 DI is not of interest and OSC could be removed experimentally. The incoherent signal is related to the exciton decay time, while the coherent signal is only determined by the third-order nonlinear polarizability. For the parallel-polarized pump-probe measurement, these two signals depend on the same third-order nonlinear optical matrix element, and the peaks of the two signals are proven to be equal. 17 Thus, the decay time and the relative third-order nonlinear polarizability can be determined at the same time.
Here, we prove that for Gaussian laser pulses, the shape of the coherent signal is the same as that of the autocorrelation trace. Note that for the amplitude of the electric field E a (t)ϰe with ⌬tϾ2 max(T1,T2 -T1), and a and b are constants.
In order to optimize the pump-probe measurement, we first set the polarization of the 1.55 m pump beam and 1.55 m probe beam perpendicular to each other and used a polarization analyzer to block the pump beam from reaching the detector. This greatly reduces the optical background and the interference noise. After optimizing the signal, the polarization of the probe beam was rotated 90°by a waveplate so that the polarization of the pump beam and the probe beam was parallel. The pump power before the chopper was about 24 mW. The pump intensity on the sample was calculated as 24 J/cm 2 . Figure 1͑a͒ shows the obtained parallel polarization pump-probe trace with a step of 6.6 fs. The trace has two shoulders around the high peak. This is due to the double peaks of pump and probe pulses, which can be determined from the three peaks in the autocorrelation trace as shown in the inset of Fig. 1͑a͒ . The full width at half maximum of the trace is almost the same as that of the autocorrelation of the incident beam. After 3 ps decay, the signal recovers almost completely to the background level. As mentioned herein, the shape of the coherent signal could approximately be regarded as the same as that of the autocorrelation trace, as shown in Fig. 1͑a͒ . The coherent and incoherent signals are equal at zero-time delay for a parallel pump-probe signal. Therefore, we can separate the incoherent contribution from the pump-probe trace by subtracting an autocorrelation trace with half of the total amplitude of Fig. 1͑a͒ . The result is shown as open circles in Fig. 1͑b͒ and the fit curve exhibits a main decay time of about 800 fs. This subpicosecond delay time can be interpreted as the relaxation time due to the transition of electrons from the conduction band to the valence band in SWNT. The band gap of semiconducting nanotubes is about 0.57 eV ͑ϳ a wavelength of 2.1 m͒, 18 which is smaller than the photon energy of the pump beam 1.55 m. Therefore, in the ultrafast process, what we probe is regarded as a semiconducting behavior. In general, for a semiconductor material, only the physical processes of electronic transition and thermalization relaxation in the exciton band can be as fast as subpicosecond. According to Hertel and Moos, 18 the thermalization relaxation of SWNT is less than 200 fs, which is much smaller than 800 fs. Therefore, it is reasonable to attribute the 800 fs decay time to the process of electronic transition. This also explains our observation that electrons recover fully to the valence band since the pump-probe signal can almost decay to background within 3 ps. For azimuthal symmetry, the electromagnetic field at the axis of the tube should be zero (Eϭ0). For a SWNT, the diameter of the tube is only a few nanometers. This means that the energy level profile inside the nanotube is similar to an abrupt potential energy wall, and the -electron is driven by a high anharmonic force, which causes a high nonlinear polarization effect. The probability of the exciton colliding with the energy wall is high. So the lifetime of the exciton could be much smaller than most semiconductor materials. On the basis of this analysis, the lifetime should decrease with increasing exciton energy. This is supported by the experiment results of 0.78 m pumping.
We performed an experiment with 0.78 m pump and 1.55 m probe beams. A filter is used to block the 1.55 m light in the pump beam. With different wavelengths of pump and probe beams, the trace is a pure incoherent contribution and there is no interference noise at the zero-time delay. Since the double-peak structure of 0.78 m ͑the second har- monic͒ is much smaller than that of 1.55 m ͑the fundamental͒, the pump-probe trace should be much smoother than that of 1.55 m. The pump beam intensity is about 6 J/cm 2 . A trace ͑open squares͒ with a large SNR at the zero-time delay and almost without shoulders is obtained and shown in Fig. 2 . The interference noise before the zero-time delay may be caused by the residual fundamental of the 1.55 m beam in the pump beam. The decay of the trace can be fitted very well by an exponential function with a decay time of about 510 fs ͑the solid line curve in Fig. 2͒ . Obviously, this time constant is smaller than that of 1.55 m pumping.
Clearly, both pump-probe experiments indicate that, the transmission of the probe beam increases with the pump beam on. Without the pump beam, the photocurrent of the transmitted probe beam is 0.10 mA. From Fig. 1͑a͒ , we can calculate that the maximum transmission change ratio ⌬T/T due to pumping is as high as 2.7ϫ10
Ϫ4 . It could be estimated that the third-order nonlinear polarizability of the carbon nanotube is about 10 Ϫ10 esu, which qualitatively agrees with the typical value of 10 Ϫ9 esu predicted by theory. 9 The increase of the transmission due to the pump beam is optical induced transparency ͑OIT͒, which is contrary to the optical limiting effect ͑transmission decreases as increasing intensity͒. [1] [2] [3] In order to confirm the effect of OIT, we performed an absorption experiment by changing the intensity of the incident beam 1.55 m. Figure 3 shows the absorption as a function of increasing intensity. At very low incident intensity (Ͻ2 MW/cm 2 ), the absorption remains a constant, which reflects the linear optical region. As the intensity increases further, the absorption starts to decrease and the transmission increases. This nonlinear optical effect is due to OIT, where the high intensity beam depletes all the electrons on the valence band to the conduction band. Again, this phenomenon provides indirect evidence for the electron transition in the pump-probe experiment.
The ultrafast response in the pump-probe experiment is an intrinsic property of SWNT. We have performed similar pump-probe experiments on pure polyimide thin film, graphite powder, and pure SWNT sheet. For the former two samples, almost no pump-probe signals were detected, while for a very thin SWNT sheet, a weaker, but similar ultrafast response was observed. Therefore, this ultrafast response is coming solely from SWNTs. We also observed similar experimental results from multiwall carbon nanotubes. Clearly, a SWNT in another polymer matrix will have similar ultrafast optical response. For example, we also observed similar behavior in a SWNT/polyvinyl alcohol composite. We choose polyimide as the polymer host because polyimide can be used as a waveguide since it has low loss at 1.55 m and is easy to be patterned. These results suggest that SWNT/ polyimide composites have the potential to become an ultrafast waveguide switch. 19 It is possible to use these properties of SWNT polymer composite to develop a high-quality subpicosecond optical switch. 
